The chemical composition of cometary ices provides clues for the conditions of formation and evolution of the early Solar System. A large number of molecules have been identified in cometary atmospheres, from both ground-based observations and space, including in situ investigations. This includes large organic molecules, which are also observed in star-forming regions. This paper presents a review of molecular abundances measured in cometary atmospheres from remote sensing observations with ground-based and space-based telescopes. The diversity of composition observed in comet populations is presented and discussed.
Introduction
Comets are among the most primitive objects of the Solar System. The chemical composition of their ices is representative of the molecular composition of the outer regions of the solar nebula (the solar protoplanetary disc) where they formed, 4.6 Gyr ago. This chemical composition should provide insights into the conditions of formation and evolution of the early Solar System [1] .
One central question is the degree to which volatiles are inherited from the parent molecular cloud, or whether the chemistry is reset as part of typical disc evolution [2] . Another question is whether our Solar System, or any of its characteristics, is common or an oddity. Molecular identifications in protoplanetary discs are still sparse, though progress continues, as demonstrated by the recent detection of CH 3 CN and CH 3 OH (also constituents of cometary ices) using the Atacama Large Millimeter/Submillimeter Array (ALMA) [3, 4] . A large number of molecules have been identified in cometary atmospheres, from both ground-based observations and space, including in situ investigations of cometary atmospheres. This includes large organic molecules, which are also observed in star-forming regions. Molecular abundances relative to water measured in the coma show strong variations from comet to comet (e.g. [5, 6] ), and also vary along comets' orbits (e.g. [7] [8] [9] ). This chemical diversity may reflect different formation conditions in the primitive solar nebula, though questions arise concerning the extent to which abundances measured in cometary atmospheres are representative of the primitive composition of nucleus ices. This paper presents a short review of molecular abundances measured in cometary atmospheres from remote sensing spectroscopic observations. It updates the detailed reviews published by Bockelée-Morvan et al. [10] , Mumma & Charnley [11] and Cochran et al. [12] . Spectroscopic investigations have provided information on 27 molecules, not counting radicals and isotopologues. Measurements with the ROSINA mass spectrometer onboard Rosetta resulted in a wealth of new molecular identifications in the atmosphere of comet 67P/ChuryumovGerasimenko (the Rosetta cometary zoo, figure 1 ), which are, with a few exceptions, not yet published. Published results are the ROSINA detections of N 2 [13] , O 2 [14] , glycine [15] , CS 2 , S 3 , S 4 , CH 3 SH and C 2 H 6 S [16] .
Spectroscopic investigations of cometary molecules
Our present knowledge of the composition of cometary nuclear ices is essentially based on investigations of the coma. Direct investigations of ices on the nucleus surface are only possible from a spacecraft. Near-infrared spectra of cometary surfaces revealed the spectral signatures of water ice [17, 18] , CO 2 ice [19] and of a semi-volatile organic material containing the COOH chemical group [20] .
A little more than two dozen molecules (not including isotopologues, molecular ions, atoms and radicals) have been identified in cometary atmospheres from spectroscopic observations (figure 2). These identifications were obtained through radio (20- spectroscopy, and, to a lesser extent, using ultraviolet spectroscopy (see the details of most spectroscopic identifications in [10] ). Most identifications were obtained through observations of the exceptionally bright comets C/1995 O1 (Hale-Bopp) and C/1996 B2 (Hyakutake Table 1 . Abundances relative to water (in %) from remote sensing spectroscopic observations in the radio (R, 20-600 GHz), infrared (I) and ultraviolet (U a Abundances of HCN derived from radio observations. Abundances derived from infrared lines are often two to three times higher.
comet C/2014 Q2 (Lovejoy) from lines in the millimetre range [21] . Although most molecules are observed at millimetre wavelengths, the infrared domain gives access to molecules with no dipole moment such as CO 2 , CH 4 and other symmetric hydrocarbons. Observations in the ultraviolet and visible wavelength range sample signatures of radicals, atoms and ions that are photolysis and chemical products of parent molecules released from the nuclear ices. UV spectra allowed the identification of S 2 and show strong signatures of CO. Table 1 provides a list of 28 molecules (other than H 2 O) identified in comets and the range of measured abundances relative to water (see figure 2 for the number of comets in which each molecule has been detected). The wavelength domains, where the molecular signatures are observed, are indicated in table 1. This list includes CS, SO and NS, which are in fact radicals. CS and SO are photo-dissociation products of CS 2 and SO 2 , respectively. However, direct release of SO from the nuclear ices is suggested from the ROSINA data [16] . The origin of the NS radical is unknown [22] .
Molecular abundances and composition diversity
From the composition of cometary atmospheres, the main components of cometary nuclear ices are water (about 80% by number), followed by CO 2 , CO, CH 3 OH, CH 4 , H 2 S and NH 3 ( figure 2 ). An investigation of the CO 2 abundance in 17 comets using the AKARI space telescope shows that CO 2 dominates over CO in most comets [6] . Abundances of cometary parent molecules detected by spectroscopy range from less than 0.01% to 20% relative to water, and generally decrease with increasing complexity, except for hydrocarbons (table 1) . Some species, as observationally demonstrated for HNC and H 2 CO [23] , may be produced by distributed sources of gases (e.g. grains); see the recent review of Cochran et al. [12] . Depending on the molecule, abundances vary by a factor of about three to 100 (for CO) among comets (table 1 and figure 2). Figure 3 shows histograms of abundances deduced from radio observations, considering the dynamical classes of comets. The sample includes 46 comets observed until 2015, and incorporates unpublished abundances [24] . Chemical diversity is observed both for long-period comets originating from the Oort cloud (OCCs) and for Jupiterfamily comets (JFCs) supplied by the trans-Neptunian scattered disc (figure 3). Figure 3 shows that, when the sample of comets gets larger, the distribution of abundances approaches a Gaussian distribution with no grouping of comets according to their dynamical origin. Similarly, no evidence is seen for a difference in CO 2 abundance between JFCs and long-period comets [6] . In summary, the available sample of molecular abundances suggests that OCCs and JFCs have the same composition distribution, except regarding CO, which is present in low abundance in all JFCs observed so far. This confirms earlier studies based on a smaller sample [5] . Chemical diversity is consistent with dynamical calculations in the frame of the Nice model, which suggests that both the Oort cloud and the scattered disc were populated with comets formed in the same regions of the Solar System [25] . It has been argued that comets could be grouped into three compositional classes, based on the abundances of organic compounds [11] . However, a statistical analysis using G-mode and principal component analysis techniques carried out by ourselves based on about a dozen comets and six molecules observed in the radio and in the infrared did not yield a statistically significant grouping. More recently, Dello Russo et al. [26] presented a systematic analysis of the mixing ratios with respect to H 2 O for eight species (CH 3 OH, HCN, NH 3 , H 2 CO, C 2 H 2 , C 2 H 6 , CH 4 and CO) measured with high-resolution infrared spectroscopy in 30 comets between 1997 and 2013. This study suggests that abundance ratios relative to water present an overall depletion in JFCs compared with long-period comets. Positive to moderate correlations are observed between species. A cluster analysis produced four groups and 11 subgroups. However, the size of the sample needs to be increased to confirm these emerging compositional classes.
Chemical diversity among comets was first demonstrated from spectroscopic and spectrophotometric observations of product species (see the review of [12] ). Product species are much more easily observable than parent molecules, so that abundance measurements for a large number of comets have been obtained. From a study of radicals (OH, CN, C 2 , C 3 , NH) in 85 comets, A'Hearn et al. [27] inferred the existence of two classes of comets, depending on their C 2 and C 3 abundances: 'typical' comets and 'carbon-depleted' comets. They found that about one-half of the JFCs are C 2 and C 3 depleted, but the fraction of carbon-depleted OCCs is smaller. In a more recent study, Cochran et al. [28] found that two-thirds of the depleted comets were JFCs while one-third were long period. In addition, a higher percentage of the JFCs (37%) were depleted than of the long-period comets (18.5%). Based on a sample of 107 comets observed and produced in the same manner, Schleicher & Bair [29] found seven classes of comets distinct in the CN, C 2 and C 3 production rates relative to OH.
Discussion
A fundamental question is whether the observed diversity in the composition of cometary atmospheres results from evolutionary processes or is representative of various formation conditions of cometary nuclei. Several points need to be taken into consideration: -Cometary abundances correspond to total production rate ratios, with water taken as the reference. There is observational evidence that (almost) pure icy grains are released from the cometary nucleus and could contribute to water vapour production. The best example is for comet 103P/Hartley 2, investigated by the EPOXI mission. Chunks of icy particles sublimating on their sunny side have been seen in numerous images and the infrared ice signatures of micrometric pure ice grains have been detected [30, 31] . The unusual OH coma morphology can be explained by water production from icy grains [32] . Another example is comet C/2009 P1 (Garradd). Inconsistent values for water production rates derived from observations with small (infrared) and large (radio) fields of view (figure 4) can be reconciled with the presence of subliming icy grains [7] . This process can contribute to the dispersion observed in cometary abundances. -Total production rate ratios differ from local production rate ratios. Gas production undergoes diurnal fluctuations during nucleus rotation, which are molecule dependent. In addition, nucleus compositional heterogeneities are possible. For illustration, the H 2 O and CO 2 maps of the inner coma of 67P acquired with the VIRTIS instrument on Rosetta at 1.8-2.2 AU pre-perihelion show a strong dichotomy between the H 2 O and CO 2 distributions (figure 5), with H 2 O subliming essentially from the illuminated equatorial and northern regions, and CO 2 outgassing in quantity from the poorly illuminated southern hemisphere [33, 34] . As highlighted by Fink et al. [33] , the CO 2 /H 2 O total production rate ratio derived from these maps is a poor diagnostic tool for local production. 9P/Tempel 1 [35] . For 67P, they are understood to result from the strong differences in illumination conditions experienced by the two hemispheres along the comet's orbit because of the strong obliquity of the spin axis. distance to the Sun (AU) distance to the Sun (AU) and CO 2 was found to be similar, with both molecules outgassing essentially from the illuminated southern hemisphere [36, 37] . -Molecular abundances are measured in cometary atmospheres. The extent to which they are representative of the nucleus composition has been the subject of many theoretical studies. Although cometary nuclei present a very low thermal inertia, stratification in the ice composition is expected in the subsurface after exposure to the Sun, with the more volatile species residing in deeper layers. Models investigating the thermal evolution and outgassing of cometary nuclei show that the outgassing profiles of cometary molecules depend on numerous factors such as the molecule volatility, thermal inertia of the nucleus material, nature of water ice structure, porosity and dust mantling [38, 39] . Seasonal effects related to shape, orbital characteristics and spin axis obliquity are also important [40] . Figure 6 , from Marboeuf & Schmitt [39] , shows the link between production rate ratios and the abundances in the comet nucleus for different assumptions about the state of cometary ices and how volatiles are trapped, and different mantle thicknesses. For the less volatile molecules such as CO 2 , the relative (to H 2 O) abundances of species in the coma remain similar to the primordial composition of the nucleus (relative deviation less than 25%) only around the perihelion passage (heliocentric distance less than 2-3 AU), regardless of the water ice structure and the chemical composition, and provided that the nucleus is not fully covered by a dust mantle. The relative abundances of highly volatile molecules such as CO and CH 4 in the coma remain approximately equal to the primitive nucleus composition only for nuclei dominated by clathrate hydrates. Around perihelion, in the cases of the crystalline and amorphous water ice structures, the abundances of the highly volatile species released by the nucleus are systematically lower (by up to one order of magnitude) than the unprocessed nucleus values. Not only dust mantling but also dust erosion are processes that can strongly affect production rate ratios. Near perihelion, surface ablation of the dust mantle can become important, which moves the interfaces of sublimation of molecular species closer to the surface, and increases their rate of production and coma mixing ratios relative to water [39] . This process is proposed to explain the strong increase in the column density ratios of CO 2 , CH 4 and OCS observed in 67P from Rosetta a few days after perihelion [36] . -A few observational facts might argue for a primitive diversity. Comet 73P/ Schwassmann-Wachmann 3, a comet in the carbon-chain-depleted class, underwent splitting events. If the depletion was just an evolutionary effect, from multiple perihelion passages, we would expect it to be confined mostly to the surface and the interior would appear typical. However, the fragments were observed to have depletions identical to those measured before splitting [29] . In addition, the same relative abundances were measured in the two main fragments for several species observed in the infrared and the radio [41, 42] . Another point arguing for a diversity related to origin is the similar mean composition and composition diversity measured for short-period and long-period comets, even for highly volatile species such as H 2 S (the exception being CO, for which high abundances have been measured only in long-period comets). From this standpoint, we might expect short-period comets to be more affected by evolutionary effects.
Conclusion
Radio and infrared instrumentations, together with the apparition of bright comets, have allowed the identification of numerous molecules in cometary atmospheres, showing a close link between volatiles in comets and those present in star-forming regions. The list of identified cometary molecules is now increasing rapidly owing to the Rosetta mission. The presence of interstellarlike complex organic compounds in comets shows that they are made of preserved material synthesized in the outer regions of the solar nebula or at the earlier stages of Solar System formation. A strong diversity is observed in the composition of cometary atmospheres. Except for CO, the two dynamical classes of comets (JFCs and OCCs) present the same chemical diversity as far as parent molecules are concerned. Whether the observed diversity results only from evolutionary processes or is representative (at least partly) of various formation conditions of cometary nuclei is still unclear. We expect the Rosetta mission to help in finding the answer to this fundamental question.
